Persistence of the opportunistic bacterial pathogen Vibrio cholerae in aquatic environments is the principal cause for seasonal occurrence of cholera epidemics. This causality has been explained by postulating that V. cholerae forms biofilms in association with animate and inanimate surfaces. Alternatively, it has been proposed that bacterial pathogens are an integral part of the natural microbial food web and thus their survival is constrained by protozoan predation. Here, we report that both explanations are interrelated. Our data show that biofilms are the protective agent enabling V. cholerae to survive protozoan grazing while their planktonic counterparts are eliminated. Grazing on planktonic V. cholerae was found to select for the biofilm-enhancing rugose phase variant, which is adapted to the surface-associated niche by the production of exopolymers. Interestingly, grazing resistance in V. cholerae biofilms was not attained by exopolymer production alone but was accomplished by the secretion of an antiprotozoal factor that inhibits protozoan feeding activity. We identified that the cell density-dependent regulator hapR controls the production of this factor in biofilms. The inhibitory effect of V. cholerae biofilms was found to be widespread among toxigenic and nontoxigenic isolates. Our results provide a mechanistic explanation for the adaptive advantage of surface-associated growth in the environmental persistence of V. cholerae and suggest an important contribution of protozoan predation in the selective enrichment of biofilm-forming strains in the out-of-host environment.
pidemics of cholera, an acute intestinal infection caused by toxigenic strains of the facultative pathogen Vibrio cholerae, are a major public health problem in developing countries around the globe. Both toxigenic and nontoxigenic strains of V. cholerae are natural inhabitants of a wide range of aquatic ecosystems, including estuarine and coastal waters, that provide the environmental reservoir of virulent V. cholerae strains (1) . The fact that many environmental nontoxigenic strains carry virulence genes (2, 3) and that the occurrence of epidemics coincides with the increased prevalence of the causative V. cholerae strain in the aquatic environment (4, 5) supports the notion of an environmental origin of toxigenic V. cholerae clones. This view has led to the hypothesis that cholera epidemics are triggered by environmental factors and selective forces governing aquatic microbial communities. In recent years, studies on the ecology of V. cholerae have considerably increased our understanding of physical and biological parameters that influence the persistence of V. cholerae in the environment and hold the potential to predict the outbreak of cholera epidemics (6) .
As a member of the natural bacterioplankton community, V. cholerae is an integral part of the pelagic microbial food web and is thus constrained in its growth and survival by the predatory action of bacterivorous protists, so-called protozoa. Grazing by small heterotrophic flagellates is recognized as the major mortality factor in bacterioplankton communities (7, 8) and as such has been suggested to tightly control cell numbers of Vibrio spp. in these systems (9) . The fact that the high elimination rates frequently observed for bacterial pathogens in aquatic environments can be assigned to the predatory activity of protozoa (10) (11) (12) has nourished the concept that defensive strategies to survive protozoan grazing are an essential prerequisite for the environmental persistence of bacterial pathogens, such as V. cholerae (13) .
An increasing number of studies have demonstrated that surface-associated growth on zooplankton, phytoplankton, and other suspended particulates is an important strategy in the life cycle of V. cholerae for its persistence and accumulation in natural aquatic habitats (14) (15) (16) . Biofilms generally have been proposed to constitute an environmental refuge for a number of bacterial pathogens and to provide pathogens with an adaptive advantage promoting their environmental persistence (17, 18) . The significant reduction of cholera incidence by water filtration procedures illustrates that particle-associated growth of V. cholerae is a key mechanism for concentrating bacterial numbers to the minimum infectious dose and to facilitate transmission to humans (19) . Consequently, the central role of biofilm formation in the persistence of V. cholerae in natural habitats raises the question how and by what mechanisms environmental factors select for biofilm-associated phenotypes.
The aim of our study was to elucidate the role of protozoan predation in the persistence and accumulation of V. cholerae and to characterize the underlying mechanisms. We hypothesized that biofilms formed by V. cholerae exhibit a higher antipredator fitness than their planktonic counterparts, providing a surfaceassociated refuge from a main mortality factor. To test for planktonic versus biofilm fitness, we designed a model system employing two niche-specific predatory flagellates typically found in marine plankton communities (20) , the surface feeder Rhynchomonas nasuta and the suspension feeder Cafeteria roenbergensis. The two flagellates are among the 20 most commonly reported species of heterotrophic flagellates (21) and feature similar cell sizes and feeding rates despite the contrasting niches they occupy (22) . This simple model system allowed us to identify effective mechanisms of V. cholerae resistance to protozoan grazing, which has implications for understanding how V. cholerae persists and diversifies in the environment and how toxigenic strains reach the minimum infectious dose.
Materials and Methods
Strains and Culture Conditions. The V. cholerae strains used were the smooth and rugose phase variants of A1552 (wild-type, El Tor); the vpsR, vpsA, vpsL, vpsT, hapR, and luxT mutants of the rugose phase variant; and a collection of eight toxigenic and eight nontoxigenic V. cholerae isolates. All V. cholerae strains were routinely grown on LB plates and in 2M medium (23 . For the comparison of plankton vs. biofilm persistence, planktonic bacteria were separated from surface-associated cells after 24 h incubation by transferring the planktonic phase of each well to a new plate. Subsequently, the suspension-feeder C. roenbergensis was added to the planktonic subpopulation while the surface-feeder R. nasuta was introduced to the biofilm subpopulation (both at a final concentration of 1 ϫ 10 3 ml Ϫ1 ). Numbers of flagellates and planktonic bacteria and the biofilm biomass were followed over 4 days. Generally, each treatment was run in replicate wells of four.
Enumeration of Bacteria and Flagellates. Numbers of planktonic V. cholerae cells and frequencies of rugose and smooth-phase variants were assessed by plating serial dilutions on LB agar. Biofilms were sampled mechanically from the well bottom and moderately sonicated before being plated on LB agar. Growth rates of the surface-associated flagellate R. nasuta were calculated from direct cell counts by means of inverted microscopy over 4 days. Cell numbers of C. roenbergensis were determined from formalin-fixed (2%) plankton samples by means of epifluorescence microscopy by using the DNA-stain DAPI.
Quantification of Biofilm Formation. Biomass of V. cholerae biofilms was quantified by a crystal violet (CV) staining assay (25) . Briefly, the ambient aqueous phase was removed from each well, and planktonic cells were thoroughly washed off the surface with 50% NSS. CV was added to each well, and plates were incubated for 20 min and rinsed repeatedly before CV-stained biofilms were solubilized in 95% ethanol and the absorbance was determined with a plate reader at 490 nm (Wallac, Gaithersburg, MD). Values were corrected by blank readings and readings of grazer-only control treatments. Grazing-mediated changes in biofilm structure were evaluated by staining the biofilm with SYTO 9 (Molecular Probes) and by employing confocal laser scanning microscopy (IMT-2, Olympus, Melville, NY).
Supernatant Toxicity Assay. Cell-free supernatants from V. cholerae biofilms grown in microtiter plates were collected by centrifugation and 0.22-m filtration. Toxicity to flagellate grazers was evaluated by adding R. nasuta (at a final concentration of 2 ϫ 10 3 ml Ϫ1 ) to biofilm supernatants supplemented with heat-killed P. aeruginosa prey and by determining the number of active flagellate cells by direct inspection with an inverted light microscope (IMT-2, ϫ200 magnification, Olympus) on 3 consecutive days.
Results

Planktonic V. cholerae Cells Are Eliminated by Grazing Whereas
Biofilms Persist. Planktonic cells of V. cholerae readily colonize submersed surfaces and develop biofilms. To assess whether surface-associated bacteria reveal higher antipredator fitness than their planktonic counterparts, suspended V. cholerae cells were separated from biofilms, and both populations were subjected to niche-specific flagellate grazing. The addition of the suspension-feeding flagellate C. roenbergensis resulted in a drastic reduction of planktonic V. cholerae cells by Ͼ94% within 72 h for both smooth and rugose V. cholerae A1552 (Fig. 1A , P Ͻ 0.001). Furthermore, at a 100-fold higher initial concentration (2 ϫ 10 8 bacteria ml Ϫ1 ) of planktonic V. cholerae, cells were reduced to the same extent (data not shown). In contrast, biofilms of both smooth and rugose variants were unaffected by the presence of the surface-feeding flagellate R. nasuta, so that biofilm biomass remained stable (Fig. 1B) . Growth rates of C. roenbergensis reached maximum values by feeding on planktonic V. cholerae (0.27 h Ϫ1 and 0.18 h Ϫ1 , respectively, Fig. 2 ) whereas the assessment of R. nasuta numbers revealed that flagellate growth was impaired by feeding on biofilms of both V. cholerae variants (Ϫ0.01 h Ϫ1 and Ϫ0.12 h Ϫ1 , respectively). Biofilm-mediated inhibition of flagellate growth was significantly more pronounced in biofilms of the rugose variant (P Ͻ 0.001).
Planktonic Grazing Selects for Biofilm Formation and Rugose Phase
Variants. Given the significant differences in grazing mortality of planktonic and biofilm populations, we tested whether grazing on unprotected planktonic V. cholerae stimulates the formation of grazing-resistant biofilms. Therefore, we followed the formation of biofilms from planktonic V. cholerae populations in the presence and the absence of the suspension-feeder C. roenbergensis. The grazing activity of C. roenbergensis on planktonic V. cholerae cells resulted in significantly enhanced biofilm formation of both smooth and rugose variants (Fig. 3 , both P Ͻ 0.001). Grazing-stimulated increase of biofilm biomass was highest for the rugose strain (Ͼ3-fold).
Throughout our experiments, the rugose phase variant showed enhanced biofilm formation compared with the smooth variant. To examine whether predation selects specifically for the rugose phenotype of V. cholerae, we followed the frequencies of colony morphotypes in the presence and the absence of the suspensionfeeder C. roenbergensis. In the absence of the flagellate, the rugose variant exhibited high switching frequencies to the smooth colony variant 24 h after inoculation (Table 1) . Specifically, the planktonic environment selected for the smooth variant constituting Ͼ96% of colonies. During flagellate grazing, however, the prevalence of the smooth variant in suspension was gradually reduced. The significant increase of rugose colonytype frequencies from 1.6% to 43% demonstrates the high antipredator fitness of the rugose relative to the smooth variant. Furthermore, plating assays revealed the high affinity of the rugose phenotype to the biofilm life-style because 67-97% of the biofilm-derived colonies comprised the rugose colony type. Frequencies of biofilm-derived colonies were unaffected by planktonic grazing.
Grazing Inhibition in Biofilms Is Controlled by Quorum Sensing.
Hallmarks characteristic of biofilm development and phase variation in V. cholerae are the production of the Vibrio exopolysaccharide (VPS) and gene regulation in a cell densitydependent fashion (i.e., quorum sensing) (26) (27) (28) . To elucidate the underlying mechanisms of grazing resistance in V. cholerae biofilms, we exposed biofilms of mutants defective in genes of the VPS operon and in the regulatory genes hapR and luxT to the surface-feeding flagellate R. nasuta. In contrast to the negative growth rates on the rugose wild-type biofilm, mutants defective in genes required for VPS synthesis (vpsR, vpsA, vpsL, and vpsT) caused no reduction of flagellate numbers but did not restore flagellate growth (Fig. 4) . The only mutant that provided strong flagellate growth ( ϭ 0.08 h Ϫ1 ) was the hapR mutant. As a consequence of the relatively high flagellate growth rate, hapR mutant biofilms were eliminated by R. nasuta after 5 days, whereas biofilms of the wild-type and the other mutants remained unaffected.
hapR (Quorum Sensing) Controls the Secretion of an Antiprotozoal
Factor. We collected biofilm supernatants of the wild-type and the hapR mutant of both rugose and smooth V. cholerae A1552 and tested for their inhibitory effect on the activity of R. nasuta. Compared with the high number of active flagellates in the control treatment (Ͼ95%), flagellate activity dropped dramatically to Ϸ20% after adding supernatants of wild-type biofilms ( Table 2) . Supernatants of hapR mutant biofilms of both phase All values are means Ϯ SD (n ϭ 4) derived from plate inspection after 2 days. Statistical analyses were performed by using arcsine square root-transformed data. ***, P Ͻ 0.001. Fig. 2 . Inhibition of flagellate growth by V. cholerae biofilms. Growth rates were determined for the suspension feeder C. roenbergensis on planktonic cells (A) and for the surface-feeder R. nasuta on biofilms (B) of V. cholerae A1552 over 4 days. Error bars indicate standard deviations of four replicates. variants, however, had a significantly lower inhibitory effect on flagellate activity (P Ͻ 0.001), which indicates that the secretion of the antiprotozoal factor is controlled by quorum sensing.
Biofilm-Mediated Grazing Resistance Is Widespread Among Toxigenic
and Nontoxigenic V. cholerae Isolates. Based on our findings of biofilm-mediated grazing resistance in V. cholerae A1552, we extended our examinations to suspensions and biofilms of eight environmental nontoxigenic and eight toxigenic V. cholerae strains (two isolates from the sixth pandemic and six from the seventh pandemic). Flagellate grazing on V. cholerae suspensions revealed that all of the strains used provided high growth rates of C. roenbergensis, resulting in the rapid elimination of planktonic V. cholerae cells (data not shown). Biofilms of both environmental and toxigenic isolates, however, inhibited growth of R. nasuta efficiently, leading to zero or negative flagellate growth (Fig. 5) . High flagellate mortality rates were observed more often with isolates from the seventh pandemic (three of six strains with flagellate loss rates Ͼ0.1 h Ϫ1 ), indicating a more drastic mechanism of grazing resistance of these isolates.
Discussion
Recent attention has focused on the abiotic and biotic factors controlling the persistence of V. cholerae in aquatic ecosystems and the inherent selection pressures for the enrichment of toxigenic strains. The present study elucidates the role of a major mortality factor in natural microbial communities, predation by protozoans. The high elimination rates found for V. cholerae in planktonic ecosystems (29) (30) (31) (32) suggest a tight control of V. cholerae growth and survival by protozoan predation. These observations raise the question how long-term persistence and seasonal accumulation of V. cholerae are possible in aquatic environments despite the predatory control by protozoans. The present study sheds light on this conundrum by directly comparing the antipredator fitness of planktonic versus biofilm V. cholerae cells. Our data reveal that V. cholerae biomass in biofilms remains stable in the presence of surface-feeding protozoa whereas planktonic V. cholerae cells are rapidly eliminated (Fig. 1) , which illustrates the importance of surface-associated growth as a protective niche for the environmental persistence of V. cholerae. Intriguingly, our laboratory findings correspond well with a recent field study that reports the successful suppression of V. cholerae planktonic growth by protozoan grazing but a relative increase of V. cholerae cells associated with phytoplankton detritus (32) . The protective nature of biofilms relative to planktonic cells has been reported for anthropogenic chemical stressors commonly used in infection control of bacterial pathogens (e.g., antibiotics, chlorine, and hydrogen peroxide; refs. 33 and 34) which has led to the assumption that biofilms in natural environments generally function as protective life strategy for bacteria (35) . The present study on V. cholerae directly demonstrates the persistence advantage for biofilm bacteria over planktonic cells in the presence of an environmentally relevant stressor such as predation.
Interestingly, we found that flagellate grazing not only eliminates planktonic V. cholerae populations but also that the selective reduction of planktonic bacteria stimulates the formation of a grazing resistant biofilm population (Fig. 3) . Apparently, biofilm populations are favored by the protective nature of cell consortia, the selective elimination of planktonic ''competitor'' cells, and grazing-mediated nutrient recycling, all of which can be expected to boost biofilm growth. Our findings specify a dual role for protozoan grazing as both a powerful mortality factor and an active driving force for biofilm formation and growth of V. cholerae in a protected niche. Therefore, the benefits of particle-associated growth are not limited to the availability of nutrients as previously thought but are extendable to effective grazing protection, which may jointly render biofilms the preferred ecological niche for V. cholerae.
The formation of biofilms is enhanced by the excessive production of exopolymers as commonly described for the rugose variants of V. cholerae (34, 36) . Rugose V. cholerae strains have been isolated from cholera patients and the environment (28, 37) and were found to be equally as pathogenic as smooth strains (38, 39) . The observed high-frequency switching between the smooth and rugose phenotype (40) has raised the question as to how phase variation may contribute to the environmental survival of V. cholerae. Our findings of the niche-specific separation into a mobile planktonic population consisting of the smooth-phase variant and a sessile biofilm population with a prevailing rugose phenotype (Table 1) illustrate the ecological consequences of the phenotypic and genetic differences of smooth and rugose variants reported earlier (28) . Cells of the rugose variant are characterized by the production of excessive amounts of VPS due to the up-regulation of vps operons I and II and extracellular protein secretion (eps) genes and by a reduced transcription of flagellar ( fla) and some of the chemotaxis genes (28) . The marked differences in grazing mortality between planktonic and biofilm bacteria found in the present study specify the fitness conflicts of the ''explorer strategy'' of the smooth phenotype versus the ''persister strategy'' of rugose biofilm cells. Similar to the observations made on mucoid and nonmucoid variants of Pseudomonas fluorescens (41) , protozoan grazing selects for the persister phenotype in V. cholerae, which is characterized by enhanced biofilm formation. Based on the idea of the insurance hypothesis (42), we propose that the functional diversity produced by phase variation between the smooth and rugose phenotype provides a selective advantage to V. cholerae for All values are means Ϯ SD (n ϭ 4) derived from microscopical inspection after 2 days. Statistical analyses were performed by using arcsine square root-transformed data.
Fig. 5.
Widespread resistance of V. cholerae biofilms to protozoan grazing among toxigenic and nontoxigenic isolates. Growth of the surface-feeding flagellate R. nasuta was followed on biofilms of eight environmental, two sixth pandemic, and six seventh pandemic strains over 4 days. Error bars indicate standard deviations of three replicates.
increased persistence in a heterogeneous and variable environment.
The protective nature of V. cholerae biofilms against grazing was not based simply on the physical inaccessibility of biofilm consortia. The decline of flagellate numbers observed on V. cholerae biofilms (Fig. 2) and the uncompromised persistence of VPS-deficient mutants (Fig. 4) indicated the existence of an additional chemical defense mechanism. The spatial concentration of bacteria on a surface allows synergistic interactions of cells in a semidiffusible environment. These high-density bacterial consortia are the prerequisite for cell density-dependent regulation, so-called quorum sensing, which synchronizes, for example, the secretion of extracellular effector molecules (43) . According to the current model, information from the three quorum-sensing circuits in V. cholerae is channeled to the two component response regulator protein LuxO, which in turn regulates HapR and thereby controls gene expression (27) . Although HapR has been demonstrated to control a range of phenotypes, including biofilm formation, our study suggests a distinctive environmental role for the HapR regulon, namely the involvement in the production of an antiprotozoal factor inhibiting flagellate activity and thus protecting the biofilm from grazing.
The antiprotozoal factor(s) of V. cholerae was determined to be an exoproduct because cell-free biofilm supernatants significantly reduced the feeding activity of the flagellates (Table 2) . Besides being instrumental for communication by means of quorum sensing, biofilms enable cells to synergistically act to secrete defensive factors and thus are functionally critical for employing extracellular inhibitors against predators or competitors (13) . As opposed to intracellular storage of predator-active compounds (44) , diffusion of extracellular effector molecules must be considered a significant energy sink that can be minimized by the exopolymer matrix and high cell densities found in biofilms. Although the production of VPS facilitates the formation of biofilms and thus the avoidance from planktonic grazers, the density-dependent production of antiprotozoal factors seems to implement the effective protection of V. cholerae against biofilm grazers (compare refs. 45 and 46) . Both high-density cell consortia mediated by VPS production and inhibitor secretion synchronized by quorum sensing indicate some degree of cellular cooperation to enhance antipredator fitness and therefore highlight the essential role of biofilm-specific cellular mechanisms in concentrating V. cholerae cells in the environment.
Although the identity of the antiprotozoal compound remains unknown, the fact that both toxigenic and nontoxigenic strains exhibit a significant level of inhibitory activity (Fig. 5) and that the cholera toxin CT has no impact on protozoan grazers (data not shown) points to the contribution of accessory and hitherto unknown cytotoxins to the environmental fitness of V. cholerae. Recent studies report that toxin-related genes are present in a wide range of nontoxigenic environmental strains (47), suggesting that environmental strains may have additional undiscovered virulence genes. Further studies are required to specify the benefits imparted to V. cholerae for possessing and maintaining virulence-associated genes in the environment and their putative role in the antagonistic interaction with protozoan predators.
The current model for the seasonal occurrence of cholera epidemics involves a number of abiotic factors favoring V. cholerae growth (e.g., temperature, pH, salinity, and dissolved organic carbon) and the members of the planktonic food web, such as algae and zooplankton (6) . Recent findings also suggest the involvement of bacteriophages in the autoregulation of V. cholerae populations (48, 49) . Our results introduce protozoan grazing as a powerful ecological agent in the control of environmental V. cholerae populations and identify biofilmassociated mechanisms that ensure the persistence and accumulation of V. cholerae in aquatic environments despite the imminent predatory pressure. We propose that protozoan grazing, as a major mortality factor of planktonic bacterial communities, contributes to the suppression and selective enrichment of toxigenic V. cholerae strains, which may have important implications for the evolution of pathogenic clones and the temporal dynamics of cholera epidemics.
